ABSTRACT CDH2 (cadherin 2, Neural-cadherin, or N-cadherin) is the predominant protein of testicular basal ectoplasmic specializations (basal ES; a testis-specific type of adhesion junction), one of the major cell junctions composing the blood-testis barrier (BTB). The BTB is found between adjacent Sertoli cells in seminiferous tubules, which divides the tubules into basal and adluminal compartments and prevents the deleterious exchange of macromolecules between blood and seminiferous tubules. However, the exact roles of basal ES protein CDH2 in BTB function and spermatogenesis is still unknown. We thus generated mice with Cdh2 specifically knocked out in Sertoli cells by crossing Cdh2 loxP mice with Amh-Cre mice. Cdh2 deletion in Sertoli cells did not affect Sertoli cell counts, but led to compromised BTB function, delayed meiotic progression from prophase to metaphase I in testes, increased germ cell apoptosis, sloughing of meiotic cells, and, subsequently, reduced sperm counts in epididymides and subfertility of mice. However, the testes with Cdh2-specific deletion in germ cells did not show any difference from the normal control testes, and phenotypes observed in Sertoli cell and germ cell Cdh2 double-knockout mice were indistinguishable from those in mice with Cdh2 specifically knocked out only in Sertoli cells. Taken together, our data demonstrate that the adhesion junction component, Cdh2, functions just in Sertoli cells, but not in germ cells during spermatogenesis, and is essential for the integrity of BTB function, its deletion in Sertoli cells would lead to the BTB damage and subsequently meiosis and spermatogenesis failure.
INTRODUCTION
Sertoli cells directly contact all the different types of germ cells in the seminiferous tubules, and hence may play key roles during spermatogenesis [1] . They are also involved in building blood-testis barrier (BTB) in the seminiferous epithelium near the basement membrane, which is generally comprised of tight junctions (TJs), basal ectoplasmic specializations (basal ESs; a testis-specific type of adhesion junction), and gap junctions (GJs) [2, 3] . Through BTB complexes, seminiferous epithelium is divided into basal and adluminal compartments [4] [5] [6] . Spermatogonia and preleptotene spermatocytes are found in the basal compartment, with access to the blood circulation [4] [5] [6] . Germ cells at later developmental stages are present in the adluminal compartment [4] [5] [6] . Thus, BTB creates a unique microenvironment for postmeiotic germ cell development in the apical compartment of seminiferous epithelium and an immunological barrier impermeable to antigens residing in postmeiotic germ cells during spermiogenesis and spermiation [3] .
Several junction molecules have been identified to play roles in BTB function. All the male mice deficient for specific junction proteins always show sterility or reduced fertility, which emphasizes the roles of these proteins in BTB function, and also indicates that an intact BTB is necessary for spermatogenesis and male fertility [7] . However, mice deficient for different junction proteins display distinct phenotypes, indicating that the functional role of a specific BTB junction or a junction protein in spermatogenesis is different. For example, mice deficient for Claudin11, encoding a TJ protein, exhibit abnormal spermatogenesis as early as 20 dpp (days postpartum) [7] [8] [9] [10] , while those deficient for Occludin, encoding another TJ protein, display atrophic seminiferous tubules and ultimately a Sertoli cell-only phenotype not until 40-60 weeks of age [11] . Knockout of Cx43, a GJ gene, in Sertoli cells results in an arrest of spermatogenesis at the level of spermatogonia or Sertoli cell-only syndrome with intratubular Sertoli cell clusters [7, 12, 13] .
CDH2 (cadherin 2, neural-cadherin, or N-cadherin), which is encoded by Cdh2, is a basal ES protein and also a major component of BTB. It is a cell surface protein that mediates intercellular Ca 2þ -dependent adhesion and is believed to be fundamentally important to maintain multicellular structures [14] . CDH2 is expressed in rat testis starting from 1 wk postpartum through adulthood and localized at inter-Sertoli cell junctions and at Sertoli cell-spermatocyte junctions in a linear and continuous immunofluorescence pattern [15] [16] [17] . In human testis, similar localization of CDH2 was also observed [18] . However, its function during spermatogenesis is still unknown.
To understand the functional role of Cdh2 in spermatogenesis, we generated mice with Cdh2 specifically knocked out in Sertoli or germ cells by crossing Cdh2 loxP mice with AmhCre or Stra8-Cre mice. We found that Cdh2 deletion specifically in Sertoli cells leads to decreased sperm counts in epididymides and mouse subferility, while its specific deletion in germ cells does not show any detectable effects on spermatogenesis. Furthermore, the phenotypes observed in Sertoli and germ cell Cdh2 double-knockout mice are not distinguishable from those in mice with Cdh2 deleted only in Sertoli cells. Our results indicate that Cdh2 in Sertoli cells, but not in germ cells, is essential for BTB integrity and consequently for spermatogenesis and normal fertility.
MATERIALS AND METHODS

Experimental Mice
Cdh2
fl/fl mice, homozygous for a floxed allele of Cdh2, and Amh-Cre and Stra8-Cre transgenic mice, and mT/mG reporter mice were described previously [19] [20] [21] [22] . For fertility testing, 10-to 12-wk-old Cdh2 fl/fl (control), Amh-Cre;Cdh2 fl/fl , and Stra8-Cre;Cdh2 fl/fl males were separately housed with wild-type C57BL/6 females for 6 mo. The number of offspring from each pregnant female was counted after birth. All mice were kept under controlled photoperiod conditions (lights-on 0800-2000) and supplied with food and double distilled H 2 O ad libitum. All animal studies were conducted in accordance with the guidelines and procedures approved by the Institutional Animal Care Committee of the University of Science and Technology of China.
Sertoli Cell Isolation
A method modified from that described by van der Wee et al. [23] was used to isolate Sertoli cells from the testes of 21 dpp mice [23, 24] . Briefly, testes were decapsulated under a dissection microscope. The seminiferous tubules from different testes were pooled and washed with PBS thrice and incubated with 2 mg/ml collagenase I (C7661; Sigma, St. Louis, MO) and 0.5 mg/ml DNase I (D4527; Sigma) in Dulbecco modified Eagle medium (DMEM)/F12 (SH40007-13; HyClone, Logan, UT) for 15 min at 378C on a shaker, then washed twice with DMEM/F12 and further digested with 2 mg/ml collagenase I, 0.5 mg/ml DNase I, and 1 mg/ml hyaluronidase (H3506; Sigma) for 15 min at 378C. The tubules were allowed to settle and were then washed twice with DMEM/F12 before digesting with 2 mg/ml collagenase I, 0.5 mg/ml DNase I, 2 mg/ml hyaluronidase, and 1 mg/ml trypsin (T8003; Sigma) for 30 min at 378C. These final dispersed cells were then washed twice with DMEM/F12 medium and placed into culture dishes in DMEM/F12 containing 10% fetal bovine serum (SV30087-02; HyClone) and incubated at 378C with 5% CO 2 . After a 1-day culture, the cells were treated with a hypotonic solution (20 mM Tris, pH 7.4) for 1 min to remove germ cells and harvested for Western blot.
Western Blot
Sertoli cell lysates were prepared in lysis buffer (50 mM Tris/HCl [pH 7.4], 300 mM NaCl, 5 mM ethylenediaminetetraacetic acid [EDTA], 1% Triton X-100) supplemented with protease inhibitors (04693116001; Roche, Basel, Switzerland). Western blot and band quantification were carried out as described previously [25, 26] and primary antibodies against CDH2 (1:500; 610921; BD, Franklin Lakes, NJ) and glyceraldehyde-3-phosphate dehydrogenase (1:1000; MAB374; Millipore, Billerica, MA) were used to detect the proteins. All experiments were repeated thrice and the bands were quantified using the Gel-Pro Analyzer 4.0 computer program (Media Cybernetics, Silver Spring, MD).
Sperm Counting
The epididymides and vasa deferentia were removed from 70-dpp control and Cdh2 conditional knockout mice, incised several times, and incubated in 1 ml buffer containing 75 mM NaCl, 24 mM EDTA, and 0.4% bovine serum albumin (BSA; A2058; Sigma) at 378C with 5% CO 2 for 30 min to allow sperm release from the epididymides. Sperm were collected after a nylon mesh filtration, and counted with a hemocytometer.
Hematoxylin and Eosin Staining, Immunohistochemistry, and TUNEL Staining
The control and Cdh2 conditional knockout mice were euthanized by cervical dislocation and testes were immediately fixed in Bouin solution for hematoxylin and eosin staining or in 4% paraformaldehyde in PBS for immunohistochemistry. For immunohistochemistry, tissue sections were incubated overnight at 48C with the primary antibody of sex-determining region Y-box-containing gene 9 (SOX9; 1:200; AB5535; Millipore), proliferating cell nuclear antigen (PCNA; 1:1000; SC-56; Santa Cruz Biotechnology, Santa Cruz, CA), promyelocytic leukemia zinc finger protein (PLZF; 1:100; SC-28319; Santa Cruz Biotechnology), or ubiquitin carboxylterminal esterase L1 (UCH L1; 1:100; 38-1000; Invitrogen, Carlsbad, CA). After introduction of horseradish peroxidase with secondary antibody, sections were reacted with metal-3,3 0 -diaminobenzidine (DAB), and counterstained with hematoxylin. TUNEL staining was performed on testicular sections according to the instructions provided with the cell death detection kit (11684795910; Roche). To reduce interexperiment variations, testes from control and knockout mice were processed simultaneously. All images were captured using a Nikon Eclipse 80i microscope equipped with a digital camera DS-Ri1 (Nikon).
Cryosection
For immunofluorescence experiments, testes were embedded in OCT (Sakura Finetek, Torrance, CA) and 7-lm sections were fixed for 10 min in PBS-buffered 4% paraformaldehyde (wt/vol) at room temperature. Sections were then permeabilized with 0.1% Triton X-100 in PBS (10 mM sodium phosphate, 0.15 M NaCl, pH 7.4, at 228C) (vol/vol) for 10 min. Sections were blocked using 1% BSA (wt/vol) for 30 min, followed by an overnight incubation with primary antibodies at room temperature and subsequently probed with Alexa Fluor 555 or 488-conjugated donkey anti-rabbit (1:250; A21432; Molecular Probes, Eugene, OR) or goat anti-mouse IgG antibodies (1:250; A21206; Molecular Probes) for 1 h at room temperature. Slides were mounted using Vectashield (H-1000; Vector Laboratories, Burlingame, CA) with 4 0 ,6-diamidino-2-phenylindole (D9542; Sigma). To reduce interexperiment variations, testes from control and knockout mice were processed simultaneously. All images were captured using a Nikon Eclipse 80i microscope equipped with a digital camera (C4742-80; Hamamatsu).
Testosterone Assay
Blood samples from control and Amh-Cre;Cdh2 fl/fl mice via retro-orbital veins were collected and spun at 2500 rpm for 10 min in a tabletop centrifuge. The resultant serum was stored at À808C until the assay was performed. Serum testosterone levels were determined using a diagnostic kit (33560; Beckman Coulter, Brea, CA) following the manufacturer's instructions.
BTB Function Assays
The permeability of BTB was assessed using the method by Chen et al. [27] . Briefly, mice were anesthetized using ketamine/xylazine (2 mg/0.2 mg). Testes were exposed by a small incision through the scrotal layer. A small opening in the tunica albuginea was gently created with fine forceps and 20 ll of 10 mg/ml fluorescein isothiocyanate (FITC)-conjugated inulin (F3272; Sigma) was injected using a Hamilton syringe into the interstitium of one testis of each animal. The other testis was injected with 20 ll of PBS as a control. At 45 min after injection, the animals were euthanized by cervical dislocation, and the testes were immediately removed and fixed in Bouin solution and processed for paraffin embedding. The sections were then deparaffinized, rehydrated, and mounted in Vectashield. The distribution of FITC (green fluorescence) in the seminiferous epithelium among tubules was monitored using a Nikon Eclipse 80i fluorescence microscope. BTB function was considered compromised when fluorescence signals were detected in the adluminal compartment, as, in normal adult testes, the FITC-conjugated inulin was blocked from entering the adluminal compartment. To determine BTB integrity quantitatively, the ratio of the distance covered by the FITC-conjugated inulin from the basement membrane in a seminiferous tubule to the radius of the tubule was calculated for each tubule, and the data were expressed as mean 6 SEM.
Flow Cytometry
After being decapsulated, testes were digested with 1 mg/ml collagenase (C7661; Sigma), 0.5 mg/ml DNase I (D4527; Sigma), and 1 mg/ml trypsin (T8003; Sigma) in DMEM/F12 medium (SH40007-13; HyClone) at 378C for 30 min. The cells were collected and incubated with 70% ice-cold methanol for JIANG ET AL. 30 min, followed by treatment with RNase and staining with propidium iodide, and were then analyzed using a FACSCalibur flow cytometer (BD).
Spermatogenesis Progression Analysis
Single-cell suspension of testicular tissues and air-dried preparations were made as we previously reported [28] . Cells on the slides were stained with Giemsa. To determine spermatogenesis progression, the number of mitotic spermatogonial metaphases (M), first meiotic metaphases (MMI), and second meiotic metaphases (MMII) were counted microscopically in slide areas that contained 1000 midpachytene nuclei. Meiotic delay is determined by the ratio of MMII to MMI, which should be 2 if division progression is undisturbed [29] .
Meiotic Prophase Cell Spreading and Immunofluorescence Staining
Meiotic prophase cell spreading and immunofluorescence staining were prepared as we previously described [30, 31] . Briefly, seminiferous tubules were incubated in hypotonic extraction buffer (50 mM sucrose, 17 mM sodium citrate, 30 mM Tris [pH 8.2], 2.5 mM DL-dithiothreitol, 1 mM PMSF [pH 8.3], and 5 mM EDTA) on ice for 20 min, minced in 100 mM sucrose, and spread on slides dipped in 1% paraformaldehyde with 0.1% Triton X-100. Slides were incubated in a humid chamber overnight, dried, and washed in PBS and water containing Photoflo (Kodak, Rochester, NY). Following blocking in 10% donkey serum and 3% BSA, immunofluorescence staining was performed by incubating with primary antibodies of phosphorylated H2A histone family, member X (cH2AX; 1:200; 05-636; Millipore) and Synaptonemal complex protein 3 (SYCP3; 1:100; AB15093; Abcam, Cambridge, UK) overnight at room temperature, then secondary antibodies at 378C for 1 h in the dark. Slides were then mounted with cover slips using Vectashield.
Statistical Analysis
Litter sizes, sperm number, testis weight, testosterone levels, and the mean number of Sertoli cells/spermatogonia/spermatocytes/TUNEL-positive cells were compared between control and knockout mice using the Student t-test. The difference in the number of spermatogonia, MMI cells, and MMII cells, as well as the ratios of MMII to MMI, were tested for significance using the Mann-Whitney U-test. Cell population was analyzed by the chi-square test. Results are presented as mean 6 SEM. Statistical significance was set at P , 0.05.
RESULTS
CDH2 Expression and Localization During Testes Development
To determine the expression profile of CDH2 during testis development, Western blot was carried out, and the results indicated that CDH2 protein level was relatively low in newborn testes and increased strikingly at 7 dpp (Fig. 1, A and B). As the development proceded from 7 to 28 dpp, its expression continued to elevate, and decreased slightly at 35 dpp when the first wave of spermatogenesis completed (Fig. 1,  A and B). The protein level ultimately became stable from 35 to 70 dpp ( Fig. 1, A and B) . Based on immunofluorescence experiments, we found that CDH2 protein localization also varied during testis development (Fig. 1C) . In 0-to 14-dpp mouse testes, CDH2 was diffused in seminiferous epithelium. From 21 dpp onwards, this protein was localized at the basement of seminiferous tubules, especially at the SertoliSertoli cell and the Sertoli-germ cell junctions (Fig. 1C ).
Cdh2 Deletion in Sertoli Cells
To determine the functional role of Cdh2 during spermatogenesis, we generated the mice in which the Cdh2 gene was deleted specifically in Sertoli cells by crossing Cdh2 floxed mice with the Amh-Cre mice. To confirm the Cre activity in Sertoli cells, we crossed the Amh-Cre mice with a double fluorescent reporter line, mT/mG, in which CRE-mediated recombination results in excision of the red fluorescent protein cassette and consequently enables the expression of green fluorescent protein fluorescence [19, 20] . Based on the analysis of fluorescence in sections of testes of Amh-Cr;mT/mG mice, we confirmed that Amh-Cre mice had strong recombinase activities specifically in Sertoli cells (Supplemental Fig. S1 ; Supplemental Data are available online at www.biolreprod. org). Cdh2 deletion efficiency in Sertoli cells was determined by Western blot for CDH2 proteins in isolated Sertoli cells from Amh-Cre;Cdh2 fl/fl mice, which indicates a complete deletion of CDH2 in Amh-Cre;Cdh2 fl/fl Sertoli cells ( Fig. 2A) . Consistently, CDH2 proteins were not observed at the basement of seminiferous tubules of Amh-Cre;Cdh2 fl/fl mice (Fig. 2B ).
Cdh2 Deletion in Sertoli Cells Results in Abnormal Testis Development and Spermatogenesis
To determine fertility of Amh-Cre;Cdh2 fl/fl mice, each AmhCre;Cdh2 fl/fl male was housed with two wild-type females for 6 mo. The mating behavior of Amh-Cre;Cdh2 fl/fl mice was similar to that of controls; however, four out of seven Amh-Cre;Cdh2 fl/fl mice were infertile (Table 1) . For the fertile knockouts, the number of litters and average pups per litter were significantly decreased when compared with the controls (Table 1) .
The adult Amh-Cre;Cdh2 fl/fl mice had much smaller testis than their control littermates (Fig. 2, C and D) . To understand the reasons causing subfertility and reduced testis weight of Amh-Cre;Cdh2 fl/fl mice, we performed histological examination of control and Amh-Cre;Cdh2 fl/fl testes at different developmental stages. In adult Amh-Cre;Cdh2 fl/fl testes, histological abnormalities were observed in many seminiferous tubules (Fig. 2E) . Many germ cells (closed arrowhead) displaced from the periphery of seminiferous tubules to the lumen and vacuoles (open arrowhead) were observed in AmhCre;Cdh2 fl/fl testes (Fig. 2E) . Giant multinucleated cells (arrow) were seen in some seminiferous tubules of adult Amh-Cre;Cdh2 fl/fl testes, indicating that abnormal germ cell division occurred (Fig. 2E) . In contrast, no abnormalities were observed in control testes (Fig. 2E) .
The number of spermatozoa was significantly decreased in Amh-Cre;Cdh2 fl/fl epididymides when compared with that in the controls (Fig. 2F) , while abundant immature round germ cells were observed in Amh-Cre;Cdh2 fl/fl epididymides (Fig.  2G ). Striking variability in the sperm number was observed in different mutants; for example, some of the mice had no sperm in the epididymides, while the subfertile mice had 20% sperm of the control mice. Blood testosterone levels in control and Amh-Cre;Cdh2 fl/fl male mice were determined, but no difference in hormone concentration was observed between the Amh-Cre;Cdh2 fl/fl and control mice (Supplemental Fig. S2 ). Before 14 dpp, similar morphology and normal arrangement of germ and Sertoli cells in seminiferous tubules were observed in both control and Amh-Cre;Cdh2 fl/fl testes (Supplemental Fig.  S3 ). From 21 dpp onwards, the size of seminiferous tubules obviously decreased, and germ cells abnormally accumulated in the lumen in Amh-Cre;Cdh2 fl/fl testes (Supplemental Fig.  S3 ). At 80 wk, more vacuoles and slough germ cells were seen in Amh-Cre;Cdh2 fl/fl rather than control testes (Supplemental Fig. S4 ).
Cdh2 Deletion in Sertoli Cells Leads to Compromised BTB Function Without Affecting Sertoli Cell Counts
The cell cycle and differentiation status of the Sertoli cells were examined by detecting the cells expressing SOX9, a protein specifically expressed by Sertoli cells, and PCNA, a fl/fl testes did not show obvious change as compared to those in control mice (Fig. 3, A and B) . As in control testes, no PCNA-positive Sertoli cells were detected in Amh-Cre;Cdh2 fl/fl testes, which indicates that the Sertoli cells were mature, had exited the cell cycle, and maintained in a quiescent state (Supplemental Fig.  S5 ).
We hypothesized that loss of Cdh2 in Sertoli cells could damage the integrity of BTB. To test this, a fluorescence tag tracer (FITC-inulin) was injected into the testicular interstitium, and its location in seminiferous tubules was then detected. In control testes, the tracer was restricted to the interstitium and the basal compartment of the seminiferous tubules, while, in Amh-Cre;Cdh2 fl/fl testes, the tracer was detected along the Sertoli cell plasma membranes from basement to lumen in seminiferous tubules (Fig. 3, C and D) . Notably, some fluorescence-labeled germ cells and multinucleated giant cells were observed in seminiferous tubules of Amh-Cre;Cdh2 fl/fl mice (Fig. 3C) . Thus, the BTB integrity was damaged in testes with Cdh2 specifically deleted in Sertoli cells.
Cdh2 Deletion in Sertoli Cells Disturbs Spermatogenesis Progression
To find out which stages of spermatogenesis were affected when Cdh2-dependent BTB function was compromised, we examined DNA contents of testicular cells from both control and Amh-Cre;Cdh2 fl/fl mice using flow cytometry. Compared with control animals, Amh-Cre;Cdh2 fl/fl mice showed marked decrease in 1N cell fractions (representing spermatids), slightly increased 2N fractions (representing spermatogonia and Sertoli cells), and significantly increased 4N cell fractions (representing mitotic spermatogonia and spermatocytes) (Fig. 4, A and  B) . Spermatogenesis progression analyses, based on counting the specific cell number per 1000 spermatocytes, revealed that Cdh2 deletion in Sertoli cells resulted in a significant increase in the frequency of spermatogonia, and decrease in the frequencies of meiosis I metaphase (MMI) or MMII ( Fig.  4C and Table 2 ), indicating that spermatogenesis was disturbed after Cdh2 deletion in Amh-Cre;Cdh2 fl/fl mice. As the spermatogenesis was disturbed in Amh-Cre;Cdh2 fl/fl mice, we tried to find out which stages of spermatogenesis were affected after Cdh2 deletion in Sertoli cells. Spermatogonial stem cells (SSCs) and spermatogonia in seminiferous tubules of the testicular section were counted after immunostaining with antibodies against PLZF, a protein specifically expressed in SSCs, and UCH L1, a specific marker for spermatogonia, in testicular sections (Fig. 5, A-D) . No significant difference in the number of SSCs and spermatogonia per tubule was found between the control and AmhCre;Cdh2 fl/fl testis, respectively (Fig. 5, A-D) , indicating that SSCs and spermatogonia were not affected by Cdh2 deletion in Sertoli cells.
The inconsistency in the number of spermatogonia in AmhCre;Cdh2 fl/fl testis detected by the above two methods may indicate a decrease in the number of spermatocytes in these mice. We thus analyzed early meiotic cells in testis sections The CDH2 protein level on 0 dpp was arbitrarily set as 1, and values were normalized and plotted against GAPDH. Data are expressed as mean 6 SEM for the three independent experiments. C) Cellular localization of CDH2 in the seminiferous epithelium of mouse testes during postnatal development. CDH2 was found to have a diffused pattern of localization across the seminiferous epithelium in the testes on 0-14 dpp. By 21-70 dpp, CDH2 was found to be localized more closely to the basal compartment, consistent with its localization at the BTB. The data shown are representative results of an experiment that was repeated thrice using samples from different sets of mouse testes and yielded similar results. Bars ¼ 50 lm.
JIANG ET AL. Cdh2 IS ESSENTIAL FOR FERTILITY after staining with an antibody against SYCP3, a lateral element of synaptonemal complexes typically present in meiotic prophase I spermatocytes, and found that the number of prophase I spermatocytes was significantly reduced in AmhCre;Cdh2 fl/fl testes (Fig. 5, E and F) . To further characterize meiotic prophase I progression, testicular cells were spread and stained for SYCP3 to detect homologous chromosome pairing and synapsis, and phosphorylated H2AX (cH2AX), a marker of DNA double-strand breaks. The spermatocytes from AmhCre;Cdh2 fl/fl mice showed chromosome dynamics indistinguishable from those in spermatocytes from control animals (Fig. 5G) . However, the relative ratio of diplotene cells was decreased dramatically in Amh-Cre;Cdh2 fl/fl mice (Fig. 5H ), indicating that Cdh2 deletion in Sertoli cells results in abnormal meiotic prophase progression in Amh-Cre;Cdh2 fl/fl testis. JIANG ET AL. 6 Article 79
Cdh2 Deletion in Sertoli Cells Leads to Spermatocyte Apoptosis and Premature Germ Cell Slough
To examine the possible involvement of apoptosis in the decrease of spermatocyte population, we carried out a TUNEL assay on testicular sections, and observed much more TUNELpositive cells in Amh-Cre;Cdh2 fl/fl testes than in the controls (Fig. 6A) . Based on the morphology and position in seminiferous epithelium, most of the TUNEL-positive cells were considered as spermatocytes (Fig. 6, B and C) . In addition, both histological analysis of testes (Fig. 2G ) and SYCP3 staining of epididymidis section of Amh-Cre;Cdh2 fl/fl mice (Fig. 6D) indicated that spermatocytes prematurely sloughed from the wall of seminiferous tubules. Hence, elevated cell apoptosis and premature spermatocyte slough can be attributed for the decreased number of spermatocytes in Amh-Cre;Cdh2 fl/fl testes.
Cdh2 Deletion in Germ Cells Has No Effect on Spermatogenesis
Considering that Cdh2 also expresses in germ cells, we deleted it in germ cells using the Stra8-Cre transgenic line, which starts to express Cre recombinase in spermatogonia at 3 dpp (Supplemental Fig. S1 ) [21] . After successfully generating a mouse model in which Cdh2 was conditionally deleted in germ cells, we investigated whether spermatogenesis was affected in the Stra8-Cre;Cdh2 fl/fl mice. We found that the Stra8-Cre;Cdh2 fl/fl mice were fertile like their littermate controls (data not shown). The Stra8-Cre;Cdh2 fl/fl testes exhibited typical seminiferous tubules full of germ cells of different stages from spermatogonia to spermatozoa, which was indistinguishable from the normal control testes (Fig. 7) . Consistently, the sperm count in epididymides of Stra8-Cre;Cdh2 fl/fl mice was not significantly different from that in control mice ( Fig. 7 and Supplemental Fig. S6) . Furthermore, the testes of doubleknockout mice with Cdh2 deleted in both Sertoli and germ cells 
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were indistinguishable from those of Amh-Cre;Cdh2 fl/fl mice (Fig. 7) . These results indicate that Cdh2 specifically functions in the Sertoli cells, but not in germ cells, during spermatogenesis.
DISCUSSION
The basal ES is one of several cell junctions that establish BTB [3] ; however, its function in spermatogenesis is still obscure. In the present study, we have demonstrated that deletion of the predominant basal ES gene, Cdh2, in Sertoli cells severely damages BTB integrity and leads to meiotic delay from prophase to metaphase of meiosis I and premature germ cell slough, and consequently reduced number of sperm in epididymides and subferility of mice.
As shown in Figure 1 , A and B, CDH2 expression level in testes varies with the testicular development in mice. During the first wave of spermatogenesis, when spermatogonia start to proliferate and differentiate to spermatocytes, we observed a sharp increase in CDH2 levels from 0 to 7 dpp. CDH2 concentrations remained steady during 7-28 dpp, and this is the phase when spermatocytes undergo meiosis and spermatids differentiate into sperm [32] (Fig. 1, A and B) . Along with the change in CDH2 protein expression, its location in testicular cells also shows highly dynamic change with the development of testes (Fig. 1C) . This dynamic expression and localization of CDH2 proteins with the development of testes and meiotic progression strongly imply that CDH2 may play some important roles during spermatogenesis by affecting interSertoli and/or Sertoli-spermatogenic interactions [15, 17] .
As we expected, after Cdh2 deletion in Sertoli cells, the adult mice show subfertility, and dramatically reduced testicular size (Fig. 2C) and weight when compared with the controls (Fig. 2D) . Notably, although the average sperm number decreased dramatically, some Amh-Cre;Cdh2 fl/fl mice still had 20% of the sperm count of control mice, and we believe that the variation in sperm number in Amh-Cre;Cdh2 fl/fl mice resulted in the difference in fertility of mutant mice (Fig.  2F) . In seminiferous tubules of adult Amh-Cre;Cdh2 fl/fl mice, abundant early spermatogenic cells are displaced from the periphery to the lumen, and considerable vacuoles at the basal area (Fig. 2E) and giant multinucleated cells in some tubules were observed (Fig. 2E) . Amh-Cre;Cdh2 fl/fl epididymides contain a vast number of premature spermatogenic cells instead of mature spermatozoa (Fig. 2G ). All these defects were not observed in the control animals, and this indicates that Cdh2 in Sertoli cells is essential for spermatogenesis and fertility. Our Cdh2 knockout mouse model provides the first direct evidence regarding the role of basal ES function in spermatogenesis.
Cdh2 has been reported to be an important player of the WNT/b-catenin signaling pathway in regulation of cell fates [33] ; however, the number of Sertoli cells in Amh-Cre;Cdh2 fl/fl testes was not different from that in their control counterparts (Fig. 3, A and B, and Supplemental Fig. S5 ). These results indicate that the alterations in physiological function, rather than the number of Sertoli cells, caused by Cdh2 deletion induce spermatogenesis failure in Amh-Cre;Cdh2 fl/fl mice. These results indicate that the integrity of BTB was compromised in Amh-Cre;Cdh2 fl/fl testes, and Cdh2 played an indispensable role in the BTBs. We thus determined the integrity of BTB by injection of fluorescent tracer into testis [27] , and found that the FITC-inulin tracers were diffused in seminiferous tubules from basement to lumen in AmhCre;Cdh2 fl/fl testes, which is different from the tracer distribution in control testes (Fig. 3, C and D) . These results indicate that the integrity of BTB was compromised in AmhCre;Cdh2 fl/fl testes and emphasize the role of Cdh2 in the functional BTBs.
Despite the fact that Amh-Cre starts to express in embryonic gonads [20] , until 21 dpp, the Amh-Cre;Cdh2 fl/fl testes were not very different histologically from control testes (Supplemental Fig. S3 ). It was observed previously that, during fetal testis development, CDH2 and CDH3 (P-cadherin) are coexpressed in the somatic cells of the testis [34] . Thus, the redundancy of these proteins may explain the absence of embryonic phenotype in Cdh2-deficient Sertoli cells. However, in postnatal testes, the expression of these genes was differential as Cdh3 level decreased dramatically after birth (Supplemental Fig. S7 ), while Cdh2 expressing during all the stages of testicular development, with maximal expression after 21 dpp mouse testes complementing the earlier observation by Munro and Blaschuk [35] . It was assumed that a functional BTB formation is tightly associated with the appearance of the first wave of spermatids [36] , which takes place around 21 dpp in the mouse [32] . Thus, our observations prove that an intact BTB is necessary for male fertility.
Knockouts of several BTB junction genes, such as TJ genes Claudin-11 and Occludin, and GJ gene Cx43, have been reported to cause severe and age-dependent spermatogenesis failure (e.g., Sertoli cell-only syndrome and/or intratubular Sertoli cell clusters in mice) [7] [8] [9] [10] . However, Cdh2-specific knockout in Sertoli cells caused spermatogenesis defects that are different from those caused by deletion of other BTB junction genes. Moreover, in the testes of old Amh-Cre;Cdh2 fl/fl mice (80 wk old), vacuoles and sloughing germ cells in seminiferous tubules (Supplemental Fig. S4 ) were similar to those seen in testes of young adult Amh-Cre;Cdh2 fl/fl mice (Fig. 2E) . Thus, the aged Amh-Cre;Cdh2 fl/fl males did not display a severe and cumulative phenotype that was observed in some other BTB junction (such as Occludin) -deficient mice [11] . Although the reason underlying these differences still remains unknown, these observations clearly indicate that different BTB junction proteins play specific, and not redundant, roles during spermatogenesis.
Although many studies have highlighted the importance of BTB in spermatogenesis, the exact function of BTBs in germ cell development is still lacking. The changes in cell population (a significant increase in mitotic spermatogonia and spermatocyte fraction and dramatic decrease in spermatids and sperm count) in Amh-Cre;Cdh2 fl/fl testes indicated abnormal germ cell maturation (Fig. 4, A and B) . Furthermore, based on the analysis of spermatogenic progression, we observed that spermatogonia at metaphase (4N) significantly increased in the Amh-Cre;Cdh2 fl/fl testes, while the MMI and MMII cells dramatically decreased (Fig. 4C and Table 2 ). As spermatogenesis begins with the proliferation of spermatogonia by mitosis followed by meiotic divisions of spermatocytes, these changes may have resulted from the hyperplasia of SSC or decrease in spermatocyte count. Our findings, that no obvious differences in the number of differentiated (stained by UCHL1) and undifferentiated spermatogonia (SSCs, stained by PLZF) (Fig. 5, A-D) between Amh-Cre;Cdh2 fl/fl and control testes, lead us to conclude that the observed increase in proliferating spermatogonia and decrease in MMI and MMII cells in AmhCre;Cdh2 fl/fl testes was due to loss of spermatocytes, which was also confirmed by the observation of decreased SYCP3-positive cells (Fig. 5, E and F) . Furthermore, increased number of apoptotic spermatocytes in testes (Fig. 6, A-C) and the presence of a large number of spermatocytes in epididymides (Fig. 6D) in Amh-Cre;Cdh2 fl/fl mice may explain the spermatocyte loss.
It has been established that, during spermatogenesis, all germ cells are in contact with Sertoli cells. Considering that it functions as a junctional protein, CDH2 may connect germ cells to Sertoli cells, and its loss in either Sertoli cells or germ cells may disrupt that connection. We thus deleted Cdh2 in germ cells using the Stra8-Cre transgenic line that starts to express CRE recombinase in spermatogonia at Postnatal Day 3 (Supplemental Fig. S1 ) [21] . However, no differences between Stra8-Cre;Cdh2 fl/fl and control testes were observed (Fig. 7) , which indicates that Cdh2 in germ cells is dispensable during spermatogenesis. This was confirmed by the lack of an additive effect on spermatogenesis in Sertoli cell and germ cell Cdh2 double-knockout mice, and further indicates that Cdh2 specifically functions in the Sertoli cells during spermatogenesis (Fig. 7) .
In conclusion, our data demonstrate that the basal ES component, Cdh2, is essential for the integrity of BTB function, and its deletion in Sertoli cells would compromise BTB function, disturb meiosis and consequently spermatogenesis progression, and eventually cause mouse subfertility.
